[1] Residual non-wetting phase saturation and wetting-phase permeability were measured in three limestones and four sandstones ranging in porosity from 0.13 to 0.28 and in absolute permeability from 2 Â 10 À15 to 3 Â 10 À12 m 2 . This paper focuses on the residual state established by waterflooding at low capillary number from minimum water saturation achieved using the porous plate technique, which yields the maximum residual under strongly water-wet conditions. The pore coordination number and pore body-throat aspect ratio of each rock were estimated using pore networks extracted from X-ray microtomography images of the rocks. Residual saturation decreases with increasing porosity, with no apparent difference in magnitude between the limestones and sandstones at a given porosity. Thus intraparticle/intra-aggregate microporosity does not significantly alter the efficiency of capillary trapping in the rocks considered presently. Residual saturation broadly decreases as conditions become less favorable for snap-off, i.e., with decreasing pore aspect ratio and increasing coordination number. The measured residual saturations imply that capillary trapping may be an effective mechanism for storing carbon dioxide in both sandstones and carbonates provided that the systems are strongly water-wet.
Introduction
[2] The trapping of a non-wetting phase in a porous medium as discontinuous pore-scale clusters by capillary forces, or capillary trapping, has been studied extensively because of its importance to groundwater remediation and enhanced oil recovery. In these applications, the goal is to maximize extraction of the trapped liquid. In contrast, in the context of geological carbon storage, the goal is to maximize trapping. Here, carbon dioxide (CO 2 ) is injected into a target geological formation, forming a continuous plume. As the injected CO 2 is driven upward by buoyancy, ambient groundwater will flow into its wake to replace it. This replacement of CO 2 by groundwater behind the rising CO 2 plume is an imbibition process. Accordingly, a portion of the migrating CO 2 will be rendered immobile within the pores of the rock by capillary forces, and will no longer be at risk of leakage to the atmosphere [Juanes et al., 2006] .
[3] Capillary trapping is controlled primarily by the pore structure, rock-fluid interaction, and the flow. This paper focuses on the effects of pore geometry under strongly waterwet conditions. In a homogeneous, strongly water-wet porous medium, trapping arises predominantly from snapoff, whereby capillary instability splits the non-wetting phase occupying a narrow throat along the cross section of the throat. The non-wetting phase then retracts into the pore bodies on the respective ends of that throat. Once snap-off occurs in all throats connected to a pore body, the nonwetting phase in that pore body is stable against further displacement. This mechanism is favored by a large aspect ratio between the pore body and the throats connecting to it [Jerauld and Salter, 1990] . Trapped non-wetting phase has been observed directly in sandstones [e.g., Prodanović et al., 2007; Iglauer et al., 2010] .
[4] We consider capillary trapping that arises from pressuredriven flow of the wetting-phase, known as waterflooding. The fractional volume of the pore space initially occupied by the non-wetting phase, or the initial non-wetting phase saturation, is denoted by S nw,i . The fractional volume of the nonwetting phase after waterflooding, or the residual saturation, is denoted by S nw,r . Under strongly water-wet conditions, it is well established that S nw,r increases monotonically with S nw,i [e.g., Stegemeier, 1977; Land, 1968; Spiteri et al., 2008] ; we confirmed this experimentally for two of the sandstones considered in the present study [Pentland et al., 2010] . Here, capillary trapping is largely characterized by the maximum S nw,r , denoted by S nw,r max , which in turn corresponds to high S nw,i . Indeed, S nw,r max is the only input parameter in the empirical model proposed by Land [1968] , which is widely used to predict the dependence of S nw,r on S nw,i .
[5] This paper presents laboratory measurements of S nw,r max in a set of seven rocks, with porosity ranging from f = 0.13 to 0.28 and absolute permeability ranging from k = 2 Â 10 À15 to 3 Â 10 À12 m 2 , and explores their correlation with topological and geometric properties of the rocks. Three of the rocks are limestones, which contain intraparticle or intra-aggregate porosity, and four are sandstones. The pore geometry of each rock is characterized using mercury injection porosimetry (section 2.1.1), nuclear magnetic resonance (NMR) transverse relaxation times (section 2.1.2), and X-ray microtomography (section 2.1.3). Laboratory measurements of permeability to brine at residual state are presented in section 3.1. Finally, the correlation of S nw,r max with porosity, permeability, pore coordination number, and pore aspect ratio is explored (section 3.2).
Materials and Methods

Rocks
[6] We consider seven rocks, of which three are limestones (Figure 1 , top) and four are sandstones (Figure 1 , bottom). The rocks were selected for their commercial availability, structural strength, and spatial homogeneity at the laboratory scale. The rocks are assumed to be strongly water-wet. In addition, Estaillades limestone [Dautriat et al., 2011] , Indiana limestone [Zhu et al., 2010; Churcher et al., 1991; Wardlaw et al., 1987] , and Berea sandstone [Sinnokrot et al., 1971; Churcher et al., 1991; Øren and Bakke, 2003; Chatzis et al., 1983; Jadhunandan and Morrow, 1995; Ioannidis et al., 1997; Lin and Cohen, 1982; Wardlaw et al., 1987] have been studied extensively, allowing for comparison. The porosity and absolute permeability of each sample are presented in Table 1 . Also presented is the clay content for each rock, defined as the fractional weight of particles that are <2 mm. The clay content was measured at a commercial laboratory (Weatherford Laboratories, East Grinstead) during X-ray diffraction analysis for composition determination. 2.1.1. Capillary Pressure and Pore Entry Size Distribution
[7] Samples of each rock were sent to a commercial laboratory for drainage capillary pressure measurement by mercury injection (Autopore IV 9500, Weatherford Laboratories, Stavanger). Here, mercury was injected into an evacuated sample at a small constant capillary pressure. The mercury injection pressure was increased in discrete intervals, and the incremental volume of injected mercury was recorded at each pressure. Figure 1 . A two-dimensional cross section of three-dimensional X-ray scans of the (top) limestones and (bottom) sandstones considered in the present study. The diameter of each sample is 5 mm; the white horizontal bar in each image depicts 1 mm. White patches visible in the sandstone images are salient features in X-ray scans of these rocks, and are attributed to minerals with high X-ray absorption. Each image is from the same scan as those from which pore networks were extracted (cf. section 2.1.3). n is the number of independent measurements of permeability, k. Where n = 1, the uncertainty in k is the contribution from the uncertainty in dU/d(DP/L) (see equation (8)). Where n > 1, the mean k and the standard error of the mean are presented.
[8] The capillary pressure, P c , may further be translated into an equivalent pore throat radii, r p , via the YoungLaplace equation:
assuming a contact angle of q = 130 and interfacial tension of s = 485 mN m À1 . The fractional volume of the pore space that remained occupied by the wetting phase as P c was increased, S w (P c ) ≡ 1 À S nw,i (P c ), is then a cumulative distribution function for pores with a capillary entry pressure corresponding to r p and the corresponding probability distribution function (pdf ),
may be interpreted as the pore entry size distribution. Note that the net intrusion volume at a given capillary pressure is the fractional volume of the pore space accessible from the bulk sample surface by pore throats of the corresponding r p or larger. Accordingly, the volume of a pore contributes to f(r p ) of the r p corresponding to the narrowest pore throat in the pore channel that first connects it to the bulk sample surface, rather than the r p corresponding to itself.
[9] In Figure 2 , the pore entry size distribution is illustrated by the radius-weighted pdf, namely r p f(r p ) ∝ f(log 10 r p ), so that the incremental area under the curve is proportional to the fractional volume of the pores associated with that r p [cf. Liaw et al., 1996; Lenormand, 2003] . The pore entry size distribution of the sandstones is unimodal, with a single, distinct peak (Figure 2, bottom) . In contrast, two of the limestones, Ketton and Estaillades, exhibit a distinct bimodal distribution (Figure 2, top) . The peak at large r p is attributed to inter-particle pores in Ketton limestone and interaggregate pores in Estaillades limestone. The peak at small r p is attributed to intraparticle pores in Ketton limestone and intra-aggregate pores in Estaillades limestone. Indiana limestone exhibits the most complex distribution, with three peaks without any separation of throat sizes. Its large capillary entry pressure of P c /(2s cos q) = 0.17 mm À1 (Figure 3 ), which corresponds to a pore entry size r p = 6 mm that is an order of magnitude smaller than the largest pores that can be seen in the X-ray images (Figure 1 ), suggests that a significant fraction of large, inter-particle pores in Indiana limestone is connected only through relatively small pores and throats or microporosity. This is in contrast to Ketton limestone, for which it is evident from visual inspection of the segmented images that the inter-particle pores are well connected.
NMR Transverse Relaxation Times
[10] The pore space of the three limestones was further characterized using the transverse relaxation times, T 2 , of NMR in brine-saturated samples, which were measured at a commercial laboratory (2 MHz Maran Ultra, Weatherford Laboratories, East Grinstead). The use of NMR to characterize pore size distribution in rocks is a standard technique that is discussed in detail elsewhere [e.g., Jorand et al., 2011; Figure 2 . Pore entry size distribution, r p f(r p ) (equations (1) and (2)), as determined from mercury injection capillary pressure measurements. The data for Doddington sandstone and Estaillades limestone represent measurements on a single sample. For all other rocks, the plotted data represent the average of measurements on two samples. Arrows represent the resolution of the X-ray scans from which pore networks were extracted, i.e., half of the voxel size of the scans (Table 2) . Vertical lines depict r p corresponding to the drainage P c in the coreflood experiments (equation (1); Table 5 ). Straley et al., 1997; Kenyon, 1992] , so only a basic description is included here.
[11] First, a steady magnetic field is applied to a brinesaturated sample to align the nuclear spins of the fluid molecules in a specific direction. Next, this alignment is perturbed by a sequence of radio frequency pulses, each of which induces nuclear spin magnetization transverse to the steady field. The transverse magnetization of each nucleus decays exponentially with time; the characteristic decay time is denoted by T 2 . This decay (relaxation) is often assumed to arise predominantly from interaction with the pore surface [e.g., Jorand et al., 2011] , and all nuclei residing in a given pore is assumed to have the same value of T 2 . Then, T 2 is proportional to the volume-to-surface ratio of that pore, i.e.,
where r 2 is a scaling constant specific to the rock, and the signal amplitude at the onset of the decay is proportional to the volume of that pore. By modeling the pore to be isolated and spherical, V/S may be translated into an equivalent pore radius: r p = 3V/S.
[12] In the laboratory, only the sum of the transverse magnetization of all nuclei in the sampled pore space can be measured. For a rock, which contains a continuous range of pore sizes, this acquired signal M(t) is the sum of numerous exponentially decaying signals, each with its own characteristic decay time T 2,i and an amplitude [M i (t = 0)] that is proportional to the number of nuclei in all pores of radius corresponding to it:
Note that M i (0) ∝ f(T 2 )dT 2 , where f(T 2 ) is the pdf of T 2 and, accordingly, is a proxy for pore size distribution. Finally, equation (4) is inverted to determine the values for M i (0) for a pre-selected set of 50 logarithmically uniformly spaced values of T 2 that best fit the measured M(t).
[13] Figures 4 and 5 present f(T 2 ) (dotted line) for all rocks. For convenience, the T 2 -weighted pdf, T 2 f(T 2 ) (solid line), is also presented: the area under T 2 f(T 2 ) over an incremental log 10 T 2 is proportional to the fractional volume of the associated pores (cf. section 2.1.1). f(T 2 ) for the three limestones each display two peaks, consistent with the bimodal pore entry size distribution ( Figure 2 ). The ratio of the corresponding values of T 2 , which is interpreted as a ratio of the characteristic size of inter-particle/inter-aggregate pores to that of intraparticle/intra-aggregate pores, are 30, 10, and 90, for Ketton, Estaillades, and Indiana limestones, respectively. The T 2 -weighted pore size distribution, T 2 f(T 2 ), of Doddington sandstone resembles its pore entry size distribution, r p f(r p ), and is characterized by its unimodal profile with a distinct peak at T 2 = 370 ms. In contrast, Springwell and Stainton sandstones display a broad distribution of T 2 , which is consistent with their broad pore entry size distribution.
[14] If we assume that the pore space of a given rock may be partitioned into two classes of pores-larger, inter-particle/ inter-aggregate pores and smaller, intraparticle/intra-aggregate pores and clays which line the pores-at a single value of T 2 = T 2,c , the fractional volume of the pore space occupied by the respective types of pores may be estimated as
and ], imposed to achieve a given wetting phase saturation, S w , where air and mercury were the wetting and nonwetting phases, respectively. The data for Doddington sandstone and Estaillades limestone represent measurements on a single sample. For all other rocks, the plotted data represent the average of measurements on two samples.
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[15] For the sandstones, we adopt the conventional cutoff of T 2,c = 3 ms for partitioning microporosity in sandstones associated with clay-bound water from inter-particle pores [Straley et al., 1997; Dunn et al., 2002; Jorand et al., 2011] . In the absence of a similar, widely applicable criterion for carbonates, we take T 2,c = 72 ms, which coincides with the local minimum of T 2 f (T 2 ) measured in Ketton limestone. This choice is supported by the good agreement between the corresponding r p (=1.1 mm), as estimated by equation (3) using r 2 = 5.0 mm s À1 proposed by Fleury et al. [2007] for Estaillades limestone, and the separation of the two peaks in the bimodal distribution of the mercury injection data ( Figure 2 ). Also, previous measurements suggest that the cut-off that segregates inter-particle porosity from secondary porosity in carbonates broadly falls within the range T 2,c ≈ 60 to 100 ms [Westphal et al., 2005; Straley et al., 1997] ; the selected T 2,c is consistent with these observations.
[16] With these values of T 2,c , the pore space of Ketton limestone is divided equally, by volume, between macropores and micropores. In contrast, f macro /f = 85% and 72% of the pore space of Estaillades and Indiana limestones is classified as macroporosity. These inferred volumes of the macroporosity are significantly higher than those reported elsewhere. Specifically, Dautriat et al. [2011] attribute only 30% of the porosity in Estaillades limestone to interaggregate pores. Similarly, Zhu et al. [2010] estimated f macro /f = 32% in Indiana limestone. The discrepancy suggests that the true value of T 2,c is higher in these two limestones, but further interpretation is beyond the scope of this study. In the sandstones, the bulk of the porosity is attributed to interparticle porosity ( Figure 5 ). 2.1.3. Pore Connectivity and Pore Body-Throat Aspect Ratio
[17] The pore space of each rock was imaged using X-ray microtomography, then partitioned into larger pore bodies and constrictions (throats) that connect them using the maximum ball algorithm [Dong and Blunt, 2009] . Both the X-ray imaging and the extraction of the pore networks were performed by a commercial company (Xradia Versa, iRock Technologies, Beijing). The basic properties of the images and the networks considered presently are summarized in Table 2 . All pore networks are 1000 Â 1000 Â 1000 voxels 3 in size. The networks for Ketton and Estaillades limestones were used by Blunt et al. [2012] .
[18] The topology of a pore network is described by the pore coordination number, z, which is the number of throats connected to a given pore body. The mean coordination number of each network is calculated as 〈z〉 V = ∑ z =1 z c zp Z (z), where
s(z) is the set of pore bodies with coordination number z, and V j is the volume of the jth pore body. In this paper, 〈 Á 〉 V denotes an average over the network weighted by the volume of the pore (body). Note that p Z (z) is the probability mass function (pmf) of z in a given network: by definition, p Z (z) ≥ 0 for all z and ∑ 1 z c p Z (z) = 1. The threshold, z c , is defined as the smallest z for which the number frequency is less than 0.5% of the total pore body. The lower limit excludes isolated pore bodies (z = 0). The upper limit prevents anomalously high z from altering the estimate of the mean dramatically.
[19] For a non-wetting phase to be isolated within a pore body, snap-off must take place in all throats connected to it. Accordingly, the likelihood for the nonwetting phase to be trapped by snap off in the jth pore body may be parameterized by r b, j /r t, j max , where r b, j is the radius of the pore body and r t, j max is the maximum radius of all pore throats connected to it. Its volume-weighted mean, corresponding to a pdf of f (r b, j /r t, j ) = V j /∑V j , is denoted by 〈r b /r t max 〉 V .
[20] Computed values of p Z (z) and f (r b, j /r t, j max ) for each rock are presented in Figures 6 and 7; the corresponding 〈z〉 V and 〈r b /r t max 〉 V are presented in Table 3 . Also included for reference is the mean pore coordination number based on the number frequency, 〈z〉 n , corresponding to p Z (z) = n(z)/∑ 1 z c n(z), where n(z) is the number of pore bodies with coordination number z.
[21] We emphasize that only pore bodies and throats larger than the voxel size of the X-ray scans can be resolved. Incomplete resolution in turn affects the present analysis through its impact on 〈z〉 V and 〈r b /r t max 〉 V . z is largely insensitive to unresolved pore space that constitutes the corners and surface roughness of resolved pore bodies and pore throats. In contrast, unresolved throats contribute to the connectivity of the pore space, and their exclusion from the networks results in an underestimation of 〈z〉 V . The impact of incomplete resolution on 〈r b /r t max 〉 V is less obvious. If, for example, the aspect ratio is correlated with the absolute size of the pore body, as has been demonstrated for Indiana limestone [Wardlaw et al., 1987] , poor resolution biases the distribution of r b /r t max toward those of larger pore bodies. Also, intraparticle microporosity is excluded from the networks of Ketton and Indiana limestones. Accordingly, the calculated 〈z〉 V and 〈r b /r t max 〉 V represent the connectivity and morphology of the inter-particle porosity only. Voxel resolution would have to be enhanced by several orders of magnitude for smaller pores in low porosity rocks to be Figure 6 . Volume-weighted distribution for the pore coordination number (left, equation (7)) and the pore aspect ratio (right) in the networks of the limestones. Vertical lines depict the mean (Table 3 ). (Table 3) . captured (Figure 2) , which is beyond the scope of the present study.
[22] Here we briefly discuss the quality of the pore network for each rock. For Berea and Doddington sandstones, the network porosity, f network , is 80% and 90% of the true (measured) porosity, respectively. In addition, the distinct unimodal distribution of the pore entry size and T 2 (Figures 2 and 5) and the low (<2 wt.%) clay content (Table 1) are indicative of a relatively simple pore micro-structure. Unresolved pore space may thus be assumed to be contained in the corners and along the surface of resolved pores, and the extracted networks are interpreted to be representative of the true pore structure within the assumptions associated with the idealization of the pore network. This is corroborated by the good agreement between 〈z〉 n = 2.93 AE 0.01 of the present Berea network and values reported elsewhere, which range from 2.7 to 4.5 [Øren and Bakke, 2003; Lin and Cohen, 1982; Ioannidis et al., 1997; Yanuka et al., 1986; Sheppard et al., 2006] .
[23] For Ketton limestone, the voxel size falls between the two peaks of the bimodal pore entry size distribution (Figure 2 , arrow) and f network /f = 62%. Given the large separation of length scale between interparticle and intraparticle pores, the extracted network is interpreted to exclude the intraparticle porosity while largely capturing the interparticle (macro) porosity. Indeed, 〈z〉 n = 2.92 AE 0.03 of the network for Ketton limestone considered presently, which comprises loosely consolidated spherical grains O(500) mm in size [ Figure 1 ; Bailey et al., 2000] , is comparable to 3.2 of a rhombohedral array of spheres [Yanuka et al., 1986] which has a similar f (=0.259). Similarly, intraparticle pores of Indiana limestone were excluded entirely from its network, and only f network /f = 50% of its pore space is accounted for. Nevertheless, there are significant number of large pores /f network denotes the fractional volume of the network occupied by throats. The permeability of the network, k network , was predicted by the two-phase flow pore-network simulator developed by Valvatne and Blunt [2004] . For Indiana limestone, Doddington sandstone, and Stainton sandstone, two networks were extracted from the same scans. The values presented for f network , f t /f network , and k network for these rocks represent the average between the two networks; half of the difference between the two is presented as a measure of uncertainty associated with image segmentation. For Indiana limestone, Doddington sandstone, and Stainton sandstone, the values presented are averages of two networks; half of the difference between the two is presented as a measure of uncertainty (cf. Table 2 ). For all other rocks, the uncertainty is the standard deviation of the mean. with a typical span of about 200 mm that are associated with inter-particle pores which, like the inter-particle pores of Ketton limestone, are relatively easy to identify (Figure 1) .
[24] In contrast, the micro-structure of the pore space of Estaillades limestone is visibly complex [Dautriat et al., 2011] , with no clear separation between the size of interaggregate (macro) pores and the intra-aggregate pores (Figure 2) . Similarly, Stainton and Springwell sandstones contain significant amount of fine structure, which are visible in the X-ray images (Figure 1 ) and are depicted by the slow decay of the pore entry size distribution as r p decreases below the unimodal peak (Figure 2 ). The uncertainty associated with the image segmentation, and hence the extracted networks, is expected to be large for these rocks. The quality of the network for Springwell sandstone is particularly poor. As demonstrated by the small f network /f = 20%, much of the pore space is unresolved. This network is included in this paper for completeness, and is not intended for use in quantitative analysis.
Experimental Procedure
[25] Laboratory experiments were conducted at ambient temperature and pressure to measure the non-wetting phase saturation and permeability to brine at steady state achieved during waterflooding. Rock samples were 37.8 AE 0.3 mm in diameter and varied in length between 74.94 to 89.15 mm. An aqueous solution of 5.0 wt.% sodium chloride and 1.0 wt.% potassium chloride was used as the wetting phase for sandstones. For limestones, this brine was further saturated with sacrificial rock to prevent dissolution of the sample during the experiment. The non-wetting phase was n-octane for Doddington and Stainton, and n-decane for all other rocks. The basic properties of the hydrocarbons are provided in Table 4 , for reference. At any stage of the experiment where two fluids are present, the capillary number Ca = mU/s, where m is the viscosity of the injected fluid and U is its volumetric flow rate per unit cross-sectional area of the rock sample, was maintained at Ca ≤ 1.1 Â 10 À6 to ensure capillary-dominated conditions [Chatzis and Morrow, 1984] .
[26] During the experiments, the rock samples were housed in a custom-made horizontal Hassler-type pressure cells with radial confining pressure. Each experimental run consists of a sequence of fluid displacement, as described below. Liquids were injected using high-precision syringe pumps (Teledyne ISCO 1000D).
Absolute Permeability and Porosity
[27] Each sandstone core was cleaned by standard Soxhlet extraction with a mixture of methanol and toluene, then vacuum-dried at up to 95 C before each experiment. In contrast, a new limestone core was used in each experiment. The dry weight of the core was measured prior to each experiment.
[28] The core was evacuated, then flushed with gaseous CO 2 to expel any residual air. The core was then flooded with a minimum of 17 pore-volumes (pv) of brine. In some experiments, the absolute permeability, k, was determined during this step by changing the flow rate several times and, at each flow rate, measuring the pressure drop across the length of the core once steady state was achieved. The permeability was calculated as
where L is the core length and DP is the pressure difference across it. dU/d(DP/L) is taken as the gradient of the line of regression of U on DP/L applied over the Darcy regime. The uncertainty of k is taken as that of dU/d(DP/L), which in turn is estimated according to Taylor [1997, chapter 8] .
[29] The core was subsequently removed from the Hassler cell and weighed. The pore volume, hence f, was determined from the difference in the mass of the core between its dry and brine-saturated state.
Capillary Trapping
[30] Initial non-wetting phase saturation. Initial (postprimary drainage) non-wetting phase saturation was established using the porous plate technique, in which a hydrophilic disk placed immediately downstream of the core retains the non-wetting phase inside the core. With this method, equilibrium corresponds to uniform pressure distribution across the core in each of the phases, with the difference in the pressures corresponding to P c . Capillary end effects are eliminated, and phase saturations are uniform across the length of the core. Furthermore, high S nw,i can be established at realistic Ca (≤6.0 Â 10 À8 ).
[31] After its brine-saturated weight was measured, the core was reinserted into the cell with a hydrophilic disk (Weatherford Laboratories, Stavanger; KeraNor AS, Oslo; ErgoTech Ltd., Conwy). An additional 4 to 61 pv of brine was injected through the system.
[32] Next, the non-wetting phase was injected into the core at constant pressure until equilibrium was achieved. In the present experiments, drainage lasted between 5 to 55 days. In-line pressure transducers measured the pressure of the non-wetting phase immediately upstream of the cell and the Figure 9 . S nw,r as a function of S nw,i in Berea sandstone measured in the present study (open square) and by Viksund et al. [1998] (Â) using the porous plate method. wetting phase immediately downstream of the cell; drainage P c was measured as the difference between the pressures once steady state is achieved. Sandstones with higher permeability required lower P c to achieve maximum S nw,i , consistent with mercury injection measurements (Figure 3) . Accordingly, lower P c were selected for convenience. The applied P c ranged from 7.2 to 85 kPa for Doddington sandstone to 1573 kPa for Estaillades limestone (Table 5) .
[33] For Springwell sandstone and Ketton, Estaillades, and Indiana limestones, the core was removed from the Hassler cell after primary drainage and weighed. In these runs, S nw,i was determined from the difference in the mass of the core from its dry state. For all other rocks, S nw,i was calculated from the volume of the injected non-wetting phase, the decrease in the mass of the Hassler cell containing the core from its brine-saturated state prior to oil injection, and the mass of the effluent brine.
[34] Residual non-wetting phase saturation. Subsequently, 10 to 27 pv of brine was injected into the sample at maximum flow rates corresponding to Ca = 1.7 Â 10 À8 to 6.1 Â 10 À7 . The sample was removed from the Hassler cell and weighed. S nw,r was determined from the difference in the mass of the core from its dry state.
Permeability at Residual Saturation
[35] The permeability to brine at residual state was measured at the end of one experiment for all rocks but Doddington and Stainton sandstones. After waterflooding, the core was reinserted into the Hassler cell. Brine was injected at a constant flow rate or at a constant pressure and, after steady state was achieved, the pressure at the upstream and downstream face of the core were recorded. Flow rates were restricted to Ca ≤ 1.1 Â 10 À6 to avoid remobilization of the trapped phase, which has been found to yield higher relative permeability at a given residual saturation in some water-wet sandstones .
Results
Permeability to Brine at Residual State
[36] Under experimental conditions considered presently, namely Ca ≤ 1.1 Â 10 À6 , flow velocity increased linearly with pressure gradient at both single-phase and residual states (e.g., Figure 8 ). All correlations were highly significant. Non-linear dependence reported by Morrow et al. [1983] in water-wet sandstones was not observed here, suggesting that non-Darcy behavior at residual state is not salient. Further, the linear increase of U with DP suggests that S nw,r remained constant during the permeability measurements, i.e., that remobilization of the trapped phase does not occur at Ca ≤ 1.1 Â 10 À6 . This is in contrast to observations by Kamath et al. [2001] , in which S nw,r remained Ca-dependent even at Ca as low as 3.0 Â 10 À9 in all four carbonates they considered.
[37] The permeability of each rock at residual state, k(S nw,r ), normalized by the absolute permeability is presented in Table 5 . The relatively small k(S nw,r
max )] is characteristic of strongly water-wet systems at residual state [Oak et al., 1990; Amaefule and Handy, 1982] , in which the non-wetting phase is retained in the largest pores after imbibition and the wetting phase is forced to flow through the smaller pores.
Residual Nonwetting Phase Saturation
[38] Our experimental procedure is validated by the good agreement between our measurements of S nw,r in Berea sandstone and those by Viksund et al. [1998] (f = 0.23) for which S nw,i was established using the porous plate technique (Figure 9 ).
[39] Note that the measurements of S nw,r coincide within experimental uncertainty for S nw,i > 0.9. Doddington and Stainton sandstones also exhibit a range of S nw,i over which S nw,r remains independent of S nw,i . For these rocks, all such measurements are considered in calculating S nw,r max .
[40] Some studies report measurements that suggest that there is a limit, termed irreducible wetting-phase saturation, below which 1 À S nw,i cannot be reduced by increasing the applied capillary pressure. Other studies have found no evidence of such an asymptotic limit [e.g., Dullien et al., 1986] . Table 5 presents the imposed P c , the corresponding r p (equation (1), q = 0 , s as in Table 4 ), and S nw,i achieved in the present study. Our experiments demonstrate that S nw,i approaching 1 can be achieved, with sufficient time and capillary pressure (e.g., Figure 9 ). We emphasize that the largest P c considered in this study correspond to capillary entry pressures for pores as small as r p = O(0.1) mm (Table 5) , which is an order of magnitude smaller than the characteristic size of clay particles [e.g., Rabaute et al., 2003; Cerepi et al., 2002] . Similarly, for the limestones, r p = O(0.1) mm implies that the non-wetting phase accessed a n is the number of independent (S nw,i , S nw,r ) measurements. Where n = 1, uncertainty in S nw,r is taken as the difference in measured S nw,r before and after the residual-state permeability measurements. Where multiple measurements were collected, the range of (P c , S nw,i ) was considered and the mean and standard error of the corresponding S nw,r max measurements are presented. The uncertainty in k(S nw,r )/k is the sum of the contributions from the uncertainty in k (see Table 1 ) and in dU/d(DP/L) in calculating k(S nw,r ) (see equation (8)). Pore entry size, r p , corresponding to the applied P c is calculated as equation (1), taking q = 0 and s as presented in Table 4 . b Two of the measurements were reported previously by Pentland et al. [2010] .
TANINO AND BLUNT: CAPILLARY TRAPPING-DEPENDENCE ON PORE STRUCTURE W08525 W08525 significant fraction of the microporosity, inferred from Figure 2 to be r p < 1 mm.
[41] Recall that intraparticle microporosity is not represented in the pore networks (section 2.1.3). The impact of this exclusion may be characterized by comparing the maximum residual, S nw,r max , with S nw,r corresponding to a sufficiently low drainage P c such that r p is larger than half the voxel size of the X-ray images (Figure 2, dashed lines) ; the latter is denoted by S nw,r macro . S nw,r macro was measured in Ketton limestone, Indiana limestone, and Berea sandstone (Table 5) . Also, in Doddington sandstone, S nw,r is independent of S nw,i from P c much lower than that corresponding to the voxel size and, accordingly, S nw,r max may be interpreted as S nw,r macro .
[42] In the rocks considered presently, S nw,r macro /S nw,i does not differ substantially from S nw,r max /S nw,i , suggesting that microporosity and macroporosity trap the non-wetting phase with the same efficiency. For simplicity, S nw,r /S nw,i refers to both S nw,r macro /S nw,i and S nw,r max /S nw,i in the discussion that follows.
[43] S nw,r max /S nw,i broadly decreases with increasing f and k (Figure 10) , with no observable difference between sandstones and limestones. The correlation with f is particularly evident, and the dependence is captured well by the best-fit power function to all data (dashed line): 
The exponent in the power law dependence has important implications for geological carbon storage. The volume of residual non-wetting phase per unit (bulk) volume of a reservoir is, by definition, fS nw,r max . In the context of geological carbon storage, fS nw,r max may be interpreted as the capacity of a potential storage site to secure CO 2 by capillary trapping [Iglauer et al., 2011] . From equation (9), fS nw,r max /S nw,i ∝ f 0.37 , which increases monotonically with f. This is contrary to previous suggestions that fS nw,r max exhibits a maximum at f = 0.22 [Iglauer et al., 2011] .
[44] A qualitatively similar trend has been reported previously for S nw,r max established by spontaneous imbibition of oil into dry samples in sandstones [Yuan, 1981; Suzanne et al., 2001] and in carbonates [Yuan, 1981] , although the correlation is weaker in the latter. Similarly, S nw,r max established by spontaneous imbibition into 92 carbonates containing some initial wetting phase saturation also exhibits this trend, albeit with much scatter [Wardlaw and Cassan, 1978] . More recently, however, S nw,r max from three gas reservoirs were found to increase with increasing f at low f, reaching a maximum at f ≈ 0.15 to 0.19 [Suzanne et al., 2001 [Suzanne et al., , 2003 . As f increases further in these rocks, S nw,r max broadly merges with that of Fontainebleau sandstone, thus decreasing with increasing f [Suzanne et al., 2001] .
[45] The tendency for S nw,r max to decrease with increasing f is commonly attributed to, albeit without experimental validation, a tendency for less porous rocks to have a higher pore body-throat aspect ratio, a lower pore coordination number, or both [e.g., Yuan, 1981; Jerauld, 1997] . A negative correlation between f and the pore aspect ratio emerges, for example, where the variation in porosity between rocks is associated with different degrees of cementation and the cementation occurs uniformly around the grains [Holtz, 2005] . Unfortunately, 〈r b /r t max 〉 V ≈ 2 in all pore networks considered presently (Table 3) , and its correlation with f cannot be verified. Nevertheless, S nw,r /S nw,i broadly increases with 〈r b /r t max 〉 V of the pore networks (Figure 11a ).
[46] Next, we consider the conjecture that the f dependence of residual saturation is a manifestation of a correlation . Vertical bars depict standard error of the mean where multiple measurements are available, and the difference in measured S nw,r before and after the residual-state permeability measurements where they are not (see Table 5 ). Dashed line in Figure 10a is the best-fit power function in the least squares sense to all data (equation (9)). Horizontal bars in Figure 10b represent uncertainty in k (see Table 1 ). Where the bars are not visible, they are smaller than the marker size. Also represented in Figure 10a are Viksund et al.'s [1998] measurements in Berea sandstone for S nw,i > 0.92 established using the porous plate method (solid square). (10)). on pore coordination number. A positive correlation between f and the pore coordination number may be attributed to porosity reduction by compaction, which presumably tends to collapse the narrower throats and pores first. This trend has been reported in Fontainebleau sandstones [Lindquist et al., 2000; Doyen, 1988] . Similarly, within the sandstones considered in the present study, 〈z〉 V is larger in Doddington and Berea than Springwell and Stainton, which has lower f (Table 3) . However, as discussed in section 2.1.3, a larger fraction of the pore space is unresolved in the latter, which may result in an underestimation of the true 〈z〉 V , contributing to the apparent correlation.
[47] Capillary trapping in rocks is often modeled as a percolation process in three-dimensional regular lattices, with a uniform coordination number, for which the percolation threshold varies between p t = 1.56/z and p t = 1.43/z as z varies between 4 and 12 [Sykes and Essam, 1964] , i.e., p t ≈ 1:5 z h i V ð10Þ [Yuan, 1981; Ziman, 1968; Shante and Kirkpatrick, 1971] . Alternatively, a higher 〈z〉 V may be correlated with lower waterflood S nw,r max in a system in which trapping is dominated by snap-off simply because a larger fraction of the pore space will be occupied by throats, from which the nonwetting phase is expelled during snap-off .
[48] Measured S nw,r /S nw,i decreases with increasing 〈z〉 V (Figure 11b ). However, a strong negative correlation with the fractional volume of throats, f t /f network , is not observed ( Table 2 ). The deviation of the data for Springwell sandstone and Estaillades limestone from those of the other rocks is likely to be a manifestation of the particularly poor quality of the networks for these rocks, which tends to underestimate 〈z〉 V .
[49] Equation (10) significantly underestimates S nw,r /S nw,i (dashed line). The discrepancy may be attributed to several differences between the model and the experiment. First, the mean coordination numbers of our rocks, which range from 〈z〉 V = 2.91 to 6.65 (Table 3) , are significantly lower than those of the lattices described by equation (10). It has been shown that percolation thresholds for ordinary percolation with trapping and invasion percolation with trapping diverge rapidly in 3-D lattices as their coordination number falls below z < 5, with the former becoming increasingly larger than the latter [Paterson et al., 2002] . Thus it is possible that at conditions considered presently, trapping is particularly sensitive to the details of the percolation process. Second, spatial correlations in the pore architecture, which tend to enhance trapping, are not included in the model.
Conclusions
[50] Laboratory measurements of maximum residual saturation and permeability at residual state in three limestones and four sandstones were presented. Both absolute permeability and permeability at residual state exhibit Darcy behavior. Residual saturation, normalized by the initial saturation, decreases with increasing porosity. Similarly, the normalized residual saturation broadly decreases with increasing absolute permeability, but the correlation is not significant. Residual saturation broadly increases with increasing pore body-throat aspect ratio and decreases with increasing pore coordination number, both of which are conditions favorable to snap-off. We emphasize that microporosity associated with intraparticle or intra-aggregate pores are not represented in the pore networks and, accordingly, the calculated values for pore aspect ratio and coordination number only represent that of larger pores and throats in each rock.
[51] Differences in the complexity of pore structure between limestones and sandstones do not yield notable difference in the functional dependence of residual saturation within the conditions considered presently. In particular, the normalized residual saturation at a given porosity appears to be independent of the fractional volume comprised by microporosity. The absence of a correlation is consistent with previous observations by Yuan [1981] , but is in sharp contrast to previous reports that maximum residual in sandstones with a given porosity decreases with increasing microporosity [Jerauld, 1997; Suzanne et al., 2001 Suzanne et al., , 2003 . A simple explanation is that the microporosity in the rocks considered presently have similar pore aspect ratio and connectivity as the macroporosity.
[52] An interesting question that emerges from the present study is the effect of microporosity under mixed-wet conditions, in which a fraction of the pore space is oil-wet. Here, the non-wetting phase is expected to come into contact with the oil-wet areas of the pore surface, and hence is expected to be more strongly affected by surface roughness and intraparticle microporosity [Wardlaw, 1996] .
